Objective: Alzheimer's disease (AD) pathology of amyloid b (Ab) accumulation and neurodegeneration may be relevant to preclinical cognitive decline. The objective of this study was to relate ADsensitive biomarkers of Ab and neurodegeneration and their interaction to longitudinal cognitive change in cognitively normal elderly. Methods: Thirty-eight older people completed at least three consecutive neuropsychological examinations. Using positron emission tomography (PET), Ab plaque burden was measured with [ 11 C] Pittsburgh compound B (PiB). PiB retention was dichotomized into a positive (n 5 13) and negative (n 5 25) PiB status. Neurodegenerative biomarkers were extracted within AD-vulnerable regions of interest (ROIs)-namely, the hippocampus and temporoparietal cortical areas. Within each ROI, metabolism was quantified with [
Introduction
There is a need to characterize Alzheimer's disease (AD) at early stages to delay or prevent its onset. Biomarkers of AD pathology arise decades before the manifestation of the clinical syndrome [1, 2] . During the preclinical phase, a pathological cascade of amyloid b (Ab) peptide accumulation and neural injury may trigger subtle cognitive decline in cognitively normal older people [2] .
Ten percent to 30% of normal elderly exhibit fibrillar Ab plaques [3, 4] , as detected in vivo with [ 11 C]-labeled Pittsburgh compound B (PiB) positron emission tomography (PET) [5] . For cognitively intact individuals with greater PiB retention, longitudinal and selected cross-sectional studies have documented cognitive decline [6] [7] [8] [9] [10] and greater risk of AD conversion [11, 12] , whereas other cross-sectional approaches have failed to show such effects [13, 14] .
Only a few studies to date have evaluated AD biomarkers of Ab pathology and neuronal atrophy in the same sample. Such findings indicate that both neurodegeneration (ND; evidenced by brain atrophy, hypometabolism, and alterations in tau) and Ab burden are risk factors for preclinical cognitive decline. Specifically, these studies have demonstrated Ab-dependent and Ab-independent contributions of AD-sensitive regional atrophy, particularly in the hippocampus, to poorer memory performance in normal elderly individuals [6, 10, 15] . Another well-established neurodegenerative biomarker that is sensitive to both presence and progression of AD is lower posterior cortical glucose metabolism [16, 17] . Measured with [ 18 F] fluorodeoxyglucose (FDG) PET, lower neuronal function within AD-affected regions appears to be related to global cognitive decline in cognitively intact elderly [18, 19] ; yet, the potential relationship of this effect to Ab burden remains to be established.
Relationships among AD pathological processes have been proposed, even at preclinical stages of the disease [2] . According to the amyloid cascade, the concomitant presence of ND is an essential factor for effects of Ab burden on preclinical cognitive decline [1] . One would therefore anticipate relationships of PiB uptake and neurodegenerative biomarkers to one another and to cognitive performance. Evidence for these assumptions includes studies showing that hippocampal volume mediates the effect of Ab on memory functions in normal older people [15] . In addition, an interaction effect between cerebrospinal fluid Ab and tau on the rate of brain atrophy [20] has been reported. Recent diagnostic criteria further support the idea that normal older individuals with both ND and Ab represent a more advanced stage of preclinical AD [2] .
The current study examined effects of Ab plaque burden and measures of ND within AD-sensitive regions on longitudinal memory and nonmemory change in 38 cognitively normal older adults. We hypothesized that combined evidence of (i) abnormal Ab deposition (measured with PiB PET) and (ii) ND within the hippocampus (measured with hippocampal volume and glucose metabolism using FDG PET) and the posterior cortex (measured with cortical thickness and FDG PET) would be associated with preclinical cognitive decline. This approach allowed us to investigate interactions between ND and Ab deposition, and the differential effects of hippocampal and posterior cortical ND on memory and nonmemory cognitive functions.
Methods

Study participants
A total of 38 cognitively normal elderly of the Berkeley Aging Cohort (BAC) were included in the current study. Inclusion criteria were Geriatric Depression Scale [e1] [e4] , as defined using a larger group of normal older subjects).
Subjects underwent at least three consecutive neuropsychological test sessions (NTSs) with an average interval of 1.6 years (SD, 0.5 years). During each visit, the participants were examined using a 4-hour standardized NTS. The magnet resonance imaging (MRI) and PET (FDG and PiB) measurements were usually performed in two separate visits (with either MRI or PET measurements at each visit) ( Table 1) . Written informed consent was obtained from each participant in accordance with the institutional review boards of the University of California at Berkeley and Lawrence Berkeley National Laboratory (LBNL).
Neuropsychological data
Given the small sample, care was taken to reduce the longitudinal noise in the cognitive data by combining domain-sensitive cognitive tests into declarative memory and nonmemory (mostly executive) composite measures. The test selection procedure was based on conceptual relevance and suitable test characteristics that were adapted from the literature [21] and included minimum data loss, no ceiling/floor effects, and no minimum test scores for any subject at first and second follow-up NTS.
The memory composite was constructed from declarative memory tests (i.e., the Logical Memory Recall of Story A and Story B [e4]), Category Fluency (i.e., total count of correctly produced vegetables and animals), as well as the Visual Reproduction Test, Delayed Recall and Recognition [e4] . Episodic and semantic memory measures were combined because both appear to rely on the integrity of temporal regions [22] . Consistent with the presence of neurofibrillary tangles in temporal areas early during the course of disease [23] , both cognitive markers were shown to be sensitive to preclinical changes in AD [24, 25] . The nonmemory composite measure was calculated from the Stroop Test Total Correct (i.e., correct naming of printed colors) [e5] , the Controlled Oral Word Association Test [e6] , the Trail Making Test Part A [e7] , and Digit Symbol Coding [26] .
Cognitive tests were combined using the average of z scores for each subject, each measurement point and cognitive domain. Test-specific z scores were computed for any given measurement point using mean and SD of first-session test scores obtained from a larger crosssectional BAC sample (n 5 268 at the time of analysis; mean age, 71.1 years [SD, 9.4 A least-square linear regression was fitted to the composite z scores using all measurement points for each subject. The slope of the linear regression equation estimated the rate of change within each cognitive domain. The composite slopes were z-transformed using a larger longitudinal BAC sample (i.e., subjects with a minimum of three NTSs; n 5 71 at the time of analysis; mean age, 72. . Positive z-transformed composite slopes indicate that cognitive performance improved over time relative to the longitudinal reference sample; a negative z-transformed slope denotes cognitive decline in comparison with the longitudinal reference sample. Crosssectional and longitudinal samples used for z score computation included the subjects of the current sample. Baseline cognitive performance was assessed using the composite z score of the NTS closest to PET measurement.
PET acquisition
The PET scanning was performed at LBNL using a Siemens ECAT EXACT HR PET scanner (Siemens, Munich, Germany).
PiB PET
For PiB PET scanning, approximately 15 mCi of the tracer was injected into an antecubital vein. Dynamic acquisition frames were obtained in the three-dimensional acquisition mode over 90 minutes after performing a 10-minute transmission scan (for more detail see [15] ).
FDG PET
FDG PET scanning was performed approximately 2 hours after PiB injection. Following an injection of 6-10 mCi of the tracer, 6 ! 5-minute frames of emission data were collected starting 30 minutes postinjection. All PET data were reconstructed using an ordered subset expectation maximization algorithm with weighted attenuation. Images were smoothed with a 4 ! 4 ! 4-mm Gaussian kernel with scatter correction.
MRI acquisition
Structural magnetic resonance (MR) images were acquired at LBNL on a 1.5-T Magnetom Avanto system (Siemens, Iselin, NJ) using a 12-channel head coil run in triple 
Genotyping
The apolipoprotein E (APOE) genotype was determined according to standard procedures and dichotomized as an APOE ε4 carrier (APOE ε2/ε4, APOE ε3/ε4, and APOE ε4/ε4)or noncarrier. APOE status was not considered in the statistical analysis because of the low number of APOE ε4 carriers ( Table 1 ).
PET analysis
The PiB and FDG PET data were processed using Statistical Parametric Mapping 8 (SPM8, London, UK) and FreeSurfer versions 4.5 and 5.1 (Boston, MA) software packages.
PiB PET
The individual PiB PET frames 6 to 34 and the summed image of frames 1 to 5 were realigned to frame 17. The realigned frames corresponding to the first 20 minutes of acquisition were averaged and coregistered to the anatomic MR image. Distribution volume ratio (DVR) images were created using Logan graphical analysis with the PiB frames corresponding to 35 to 90 minutes after injection and the gray matter masked cerebellum region as the reference tissue [e8] , extracted by the automated subcortical FreeSurfer parcellation [28] . This region was chosen because it is known to be relatively unaffected by fibrillar amyloid in AD and displays comparable (nonspecific) PiB retention in AD patients and healthy control subjects in vivo [5, 27] .
A global PiB index was created from the averaged DVR values over frontal (cortical regions anterior to the precentral sulcus), temporal (middle and superior temporal regions), parietal (supramarginal gyrus, inferior/superior parietal lobules and precuneus), and anterior/posterior cingulate regions of interest (ROIs) demonstrated previously to exhibit greater PiB retention in AD patients compared with control subjects [27] . ROIs were extracted from the anatomic parcellation using the Desikan-Killiany atlas and the semi-automated FreeSurfer processing stream [32] . The PiB analysis was performed on native space images to minimize variance introduced by warping images to template space.
Analogous to a large body of previous studies evaluating PiB effects on cross-sectional and longitudinal cognitive markers (e.g., [6, 8, 14, 29] ), the current subjects were classified into a dichotomous high (PiB1) and low (PiB2) PiB uptake status, indicating the presence or absence of abnormal PiB retention. Using a reference sample approach, the cutoff score for PiB positivity was set to 2 SDs above the mean of the PiB index derived from an independent group of healthy young adults [14, 30] .
Additional post hoc analyses were carried out with the rank-transformed PiB index as an independent variable to evaluate the consistency of dichotomous PiB effects.
FDG PET
The six FDG PET frames were aligned to the first frame and averaged. Then, each FDG frame was realigned to the resultant mean image. The native space realigned images were summed to create one FDG scan that was then intensity normalized to the pons, expressing preserved metabolism in AD patients [31] .
PET and MRI analysis
Biomarkers of ND included metabolic and morphological measures in brain regions targeted by AD. Brain morphology was assessed via hippocampal volume and cortical thickness; glucose metabolism was estimated via FDG PET uptake. MRI and FDG PET data processing were conducted using the native space FreeSurfer processing pipeline. The FDG PET scan was coregistered to the magnetic resonance image.
All ND biomarker measures were extracted within AD-sensitive ROIs defined by a previously published posterior cortical ROI template [16, 17] and the bilateral hippocampi. The cortical ROI template comprised five ADsensitive posterior (left and right angular, posterior cingulate, left and right temporal) regions defined in Montreal Neurological Institute space [16, 17] . The template was projected onto the native space MR images and FDG scans, and the mean cortical thickness and FDG PET uptake were extracted within each ROI. ROI-wise cortical thickness and FDG values were then averaged to create a composite FDG and cortical thickness score, weighted by the number of voxels or vertices.
Hippocampal volume was measured in each hemisphere in the native space MR images using the automated FreeSurfer procedure [28] and summed across hemispheres. The hippocampal volume was adjusted for head size by removal of shared variance with total intracranial volume via regression. The mean FDG uptake in the hippocampus was obtained by mapping the hippocampal segmentation onto the native space FDG PET scan and averaging FDG values of each hemisphere using a weighted mean.
Last, for each ROI (hippocampal [H] and cortical [C] AD regions), three ND biomarker estimates were calculated: a z-transformed FDG PET uptake marker (FDG-C, FDG-H), a z-transformed structural MRI marker (MRI-C, MRI-H), and a summed cross-modality ND composite marker evaluating the combined impact of FDG PET and MRI measures for each ROI (Comp-C, Comp-H).
Data analysis
The statistical analysis procedure was based on multiple regression models. This statistical procedure was chosen because of its high flexibility and common application in the examination of moderation effects [33, 34] .
The data analysis was performed with the statistical software package PASW18. The significance level was set to P .05, two tailed. Sample and measurement characteristics of PiB1 individuals and PiB2 individuals were compared using c 2 test statistics for categorical variables or independent t tests for continuous variables. Nonparametric tests were performed whenever normality assumptions were violated.
Interrelationships among AD biomarkers
Relationships among the biomarkers of interest were examined using linear regression models. First, the ND biomarker of interest was entered as the dependent variable, and dichotomous or continuous PiB uptake as the independent variable. Second, relationships between FDG PET uptake and structural MRI measures were assessed for the hippocampal and the cortical ROIs. Covariates were added if necessary using the procedure described next.
Relationships between AD biomarkers and cognitive performance
Multiple linear regression models were fitted to relate the biomarkers to domain-specific longitudinal cognitive change (z-transformed composite slopes) as the dependent variables of interest. Each ND biomarker of interest was entered as the independent variable (or predictor). PiB binding was treated as a dichotomous (PiB1, PiB2) or continuous variable. The three ND biomarkers were fitted separately for each ROI (hippocampus and cortical AD region) as continuous variable.
Given the current sample size, care had to be taken in selecting covariates to maintain reasonable power [35] . Because of the relatively low ranges of age and education in our sample, minimal correlations of these covariates to the dependent variables could be expected. We assessed associations of age, education, and gender in preliminary regression analyses. Only in case of a considerable association (P , .1) of any covariate with the dependent variable of interest were regression models rerun including the respective covariate or covariates.
The linear regression analyses were carried out using a hierarchical procedure that has been explained in detail elsewhere [34] . For each hierarchical regression model, two biomarkers (BM) of interest were entered: Y5b01bj BM11bk BM21bi ðBM1!BM2Þ1e ðModel AÞ The dichotomous PiB uptake (BM1) variable was dummy coded with PiB1 5 0 and PiB2 5 1, and fitted at level 1 of the regression model. The ND biomarker of interest (BM2) was entered at level 2. The interactive term of PiB and the ND biomarker of interest (BM1 ! BM2) was evaluated at level 3. The regression coefficients (b) were tested for significance. Note, the interaction is determined by the product of the two biomarkers (BM1 and BM2) in the equation (Model A) and indicates moderation effects [36] . In our study, a moderation effect suggested that the effect between one BM and the outcome, Y, is altered by the given values of the other BM in the model. The hierarchical regression models were repeated for the z-transformed baseline cognitive composite measures. For reasons of simplicity, main effects of PiB uptake and the interaction between PiB and the ND biomarker of interest were evaluated on baseline cognitive performance.
In two post hoc analysis procedures, significant interactions were explored to understand their significance. Predicted cognitive (memory and nonmemory) scores were calculated for each PiB uptake group at low (21 SD of the mean), medium (0 SD of the mean), and high (1 SD of the mean) values of the continuous ND biomarkers of interest using the unstandardized coefficients of the regression equation (Model A) [34, 37] . The predicted scores were graphed and evaluated descriptively.
In addition, the simple slopes were assessed within each PiB group. For each regression model, standardized residuals [35] and Cook's distance [38] were evaluated case by case to detect outliers and influential cases, respectively. A model-fit analysis assessed the change of explained variance (R 2 ) by means of F ratio statistics at each level (n) compared with the previous level (n 2 1) of the hierarchical regression model. The explanatory power of the regression models within each ROI was evaluated descriptively using the explained variance (adjusted R 2 ) of the overall regression model (at level 3).
Exploratory analysis
In an exploratory analysis, we evaluated PiB effects on the longitudinal cognitive change for the following subcomponents: visual memory (slopes over mean z-transformed scores of Delayed Recall and Recognition tests at each measurement point), semantic memory (slopes over mean z-transformed scores of the Category Fluency test at each measurement point), logical memory (slopes over mean z-transformed scores of the Logical Memory Recall test at each measurement point), visuospatial ability (z slopes over mean z-transformed scores for Digit Symbol Coding and Trail Making Test Part A at each measurement point), and verbal executive functions (slopes over mean z-transformed scores for the Oral Word Association Test and Stroop Test Total Correct at each measurement point).
Simple regression models were carried out with dichotomous (dummy coded, PiB1 5 1) or continuous PiB uptake as an independent predictor and the cognitive measure of interest as the dependent variable. In addition, effects of PiB uptake on memory and nonmemory decline were explored using a hierarchical regression model (Model A) with dichotomous PiB uptake, gender, and the interactive term of gender and PiB, because recent research has demonstrated crosssectional cognitive decline selectively in PiB1 women [29] .
Results
Sample and measurement characteristics
A threshold of 1.08 was obtained for the classification of the PiB binding status resulting in 13 PiB1 and 25 PiB2 elderly subjects. As shown in Table 1 , the global cortical PiB binding in the PiB1 subjects was measured with a median DVR of 1.11 (SD, 0.21). PiB status was not associated significantly with gender and age, years of education, MMSE score, Geriatric Depression Scale score, and basic motor speed as measured at first NTS.
Individuals of both PiB groups had a median of three NTSs and were monitored for about 4 years on average. PiB and FDG measurements were conducted on the same day (with the exception of a 22-day time lag for one subject) and are therefore reported collectively. For all participants, PET measures were obtained subsequent to the first NTS. There were no significant group differences in the time intervals of the PET sessions to the first NTS or MRI measurement. For the majority of individuals, the neuroimaging measurements were performed closest in time (with a maximum time lag of about 11 months) to the first or second NTS (Table 1 ). In detail, the following absolute time lags were measured for PET and MRI sessions to the flanking NTS: PET absolute time lag: mean, 0.4 year; SD, 0.2 year; range, 0.02-0.9 year; MRI absolute time lag: mean, 0.3 year; SD, 0.2 year; range, 0.02-0.8 year).
Interrelationships among AD biomarkers
No significant associations could be detected for PiB uptake and any of the ND biomarker estimates. For the cortical (C) AD regions, the following estimates were obtained for the dichotomous PiB predictor (for simplification, only standardized b coefficients are provided): FDG-C, b 5 0.13, P 5 .44; MRI-C, b 5 0. Fig. 1 . The results did not change, when continuous PiB uptake was fitted and controlled for covariates (all P values . .05, data not shown). Also, there were no significant relationships between the FDG-C and the MRI-C variables or between the FDG-H and the MRI-H measures in the current sample (all P values . .4, data not shown).
Relationships between AD biomarkers and cognitive performance
Hierarchical regression models assessed the effect of the biomarkers on longitudinal nonmemory change as measured via regression slopes. In these models, a significant first-level effect of abnormal PiB binding status (PiB1, PiB2) was detected, indicating that PiB positivity was associated with nonmemory decline (Table 2, Fig. 2 ). We also observed significant interactions between PiB binding status and each cortical ND biomarker for the nonmemory trajectories ( Table 2 ). The explanatory power (Table 2) Model 2). In the regression models, an outlier was identified. When deleting the case from the data sample, the main and interactive effects of PiB and the ND biomarkers (FDG-C and Comp-C) were increased, and the explained variance of the overall model improved for the Comp-C (adjusted R 2 5 0.56, Model 3) and FDG-C (adjusted R 2 5 0.49, Model 1) parameters. For the hippocampal ND biomarker, there were no significant interactions with PiB uptake status on longitudinal nonmemory change (all P values . .1, data not shown). PiB main and interaction effects were absent in the baseline measure of nonmemory performance (all P values . .1, Fig. 2) .
A post hoc analysis of the significant interactions indicated that the level of the cortical ND biomarker moderated the relationship between PiB uptake and nonmemory decline. Nonmemory decline was accelerated within individuals who expressed both PiB1 and lower ND biomarker values (Fig. 3A) . Simple slope tests within each PiB group further indicated that the ND biomarkers were related to nonmemory decline only within PiB1 individuals (Table 2; for PiB2, all P values . .05; Fig. 3B ).
Regression models with continuous PiB quantification confirmed significant interactions between PiB uptake and each cortical ND biomarker on nonmemory decline (all P values , .05, data not shown), and there was a trend for the first-level effect of PiB uptake on this outcome measure (B 5 20.02, SE 5 0.01, b 5 20.30, P 5 .06).
Hierarchical regression models with longitudinal memory change as the dependent variable detected an effect of abnormal PiB binding status. The effect suggested that PiB positivity was related to memory decline (Table 3 , Fig. 2 ). There were significant interactions of PiB binding status with the hippocampal ND biomarkers (FDG-H, Comp-H). The explained variance (Table 3) . For the cortical ND biomarkers, there were no significant interactions with PiB uptake status on memory decline (all P values . .1, data not shown). PiB main and interactive effects were further absent for baseline memory scores (all P values . .1, Fig. 2) .
Post hoc elaboration of the significant interactions indicated that PiB1 individuals declined fastest when expressing lower values of the FDG-H or the Comp-H parameters (Fig. 3A) . The relationships between FDG-H and Comp-H to memory decline were significant only within PiB1 individuals (Table 3; for PiB2, all P values . .05; Fig. 3B) .
PiB quantification as a continuous measure did not change the results. The analyses confirmed significant 
Exploratory analysis
Simple regression models were carried out to examine the main PiB effects on longitudinal cognitive change for specific cognitive subcomponents. They indicated (in part with trends) that PiB positivity (dummy-coded, PIB1 There was no evidence for a potential enhancement of PiB-associated longitudinal memory and nonmemory decline among women (all P values . .1, data not shown).
Discussion
This study examined the relationship between AD biomarkers of Ab burden and neurodegeneration to cognitive performance in cognitively normal older people. There were two key findings. First, Ab burden was related to longitudinal but not cross-sectional cognitive decline. Second, the effect of Ab pathology on longitudinal decline interacted with the neurodegenerative biomarkers such that in individuals with evidence of Ab and lower neural integrity, cognitive worsening was exacerbated. These patterns were regionally specific, demonstrating dissociated relationships for memory and nonmemory cognition with hippocampal and cortical AD regions, respectively.
Higher PiB retention was associated with longitudinal cognitive decline but did not affect baseline performance. Our results mirror prior findings of adverse PiB effects on cognitive trajectories that were based on independent cohorts [7, 11, 12] , larger sample sizes [11] , and extended observation periods [6] . Our findings expand these reports by documenting that Ab-related cognitive decline could also be detected in a smaller sample and with a relatively brief follow-up period. Furthermore, it should be noted that Ab-related cognitive decline was present for memory and (albeit to a lesser degree) nonmemory functions, corroborating previous observations [6, 12, 39 ] that a range of cognitive abilities could be affected in cognitively normal older individuals.
In our sample there were no cross-sectional associations of PiB to baseline cognitive performance. Cross-sectional studies have often failed to demonstrate clear-cut effects of Ab pathology on cognitive performance, using dichotomous [3, 13, 14, 40, 41] or continuous [15] PiB quantifications. Subtle cross-sectional effects of Ab burden on cognition can be blurred by intersubject heterogeneity in cognitive abilities, insensitive cognitive measures, and mixed ND pathology or reserve factors [15, 42] . Although some interindividual approaches have reported Ab-related cognitive decline [9, 10, 29, 39, 43] , intraindividual cognitive change could be a superior cognitive marker at early preclinical stages [44] . More important, the effect of dichotomous and continuous PiB uptake on nonmemory and memory trajectories interacted with the majority of the ND AD biomarkers. That is, in individuals with higher Ab disposition and lower neural integrity, cognitive decline was accelerated. The findings suggest that individuals with both higher Ab burden and signs of ND within AD-vulnerable regions fall within a more advanced preclinical stage than those with high Ab load but without ND biomarker abnormalities. There are, however, alternative interpretations, as to why an AD-like pattern of biomarkers might occur in some cognitively normal elders.
In the amyloid cascade model, Ab accumulation is thought to trigger ND, eventually leading to cognitive decline [1, 2] . We did not find direct support for this mediatory hypothesis, because PiB and the ND biomarkers seemed to be independent, in contrast to other reports [45, 46] . Specifically, not all PiB1 subjects demonstrated lower ND biomarkers values, which were also seen in the absence of Ab, as has been reported in another normal cohort [47] . There are several possible explanations for these observations, including insensitivity of our Ab measurement, dissimilar times of exposure to Ab-related neurotoxicity, or the possibility that the ND biomarkers are independent from or even precede Ab deposition in some individuals. In such a scenario, early ND could result in the requirement for greater neural activity that may lead to greater deposition of Ab [48] . As recently proposed, these ND biomarkers could reflect non-AD pathological changes [47] .
It is worth noting that the ND biomarkers moderated effects of PiB on cognitive decline in a region-dependent manner. Effects of Ab disposition on nonmemory decline were modified by the presence of ND within the posterior cortical AD regions and within the hippocampus for memory. The observed pattern suggests that the role of neural integrity in relation to cognition is region specific. Moreover, in the current sample, there were no isolated effects of the ND biomarkers on cognitive decline. It therefore appears that, in the setting of Ab pathology, regional reduction in structural and functional neural integrity becomes a critical factor for the time-dependent loss of cognitive functions, sustained by the particular brain area. These results coincide with findings showing that Ab and tau interact to produce longitudinal regional atrophy [20] and cognitive decline [49] .
Last, our analysis demonstrated that the combination of structural and functional ND biomarkers could be beneficial in defining preclinical progression. Both neuroimaging biomarkers were uncorrelated within the hippocampus and cortical regions, as might be expected in cognitively normal samples. Yet, the composite measure of FDG PET and MRI parameters within each ROI yielded the highest explanatory power for longitudinal cognitive decline. This can be explained by the fact that, multi-modal biomarker combination may reduce inherent measurement noise and allow detection of subtle ND alterations.
Our study has some limitations. First, it is characterized by a small sample size. Although our key findings converge well with the existing literature, the observed PiB and ND biomarker interactions on cognitive decline should be replicated. Recent research has further demonstrated selective effects of PiB retention on cross-sectional cognition in women [29] . The PiB groups in our study were not differentiable statistically in their gender distribution, but the number of women was somewhat higher among the PiB1 subjects. This sample attribute could have augmented the PiB effect on cognitive trajectories; however, the current analysis did not support this assumption. Last, comparable with a previous study [7] , neuroimaging biomarkers were not always collected at the first NTSs, but at a variety of times during the follow-up period. We feel, however, that this was unlikely to affect the results for several reasons. For the majority (74%) of the individuals, PET and MRI measures were obtained within approximately 11 months of the first or second NTS. Existing evidence [50] further suggests slow rates of change for PiB accumulation in normal older individuals. Subjects, characterized as PiB2or PiB1, were therefore considered rather unlikely to change PiB status over the relatively brief time window of follow-up.
The current results, in the aggregate, add data to the argument that the deposition of Ab in cognitively normal older people is a biologically significant event that coincides with cognitive worsening over time. The combination of Ab burden with metabolic and morphological reductions within AD-sensitive regions appears to exacerbate preclinical cognitive decline. Our findings suggest that the multimodal integration of AD biomarkers is important for our understanding of preclinical cognitive decline. 2. Interpretation: Our results substantiate observations that Ab deposition in cognitively normal older people is related to cognitive decline. Consistent with the AD biomarker model, the combination of Ab burden with biomarkers of neurodegeneration accelerated preclinical cognitive decline.
3. Future directions: Future studies are needed to determine factors that foster the simultaneous occurrence of amyloid and neurodegenerative biomarkers, the factors associated with neurodegeneration, and their relative contribution to cognitive decline in normal older individuals.
